A simple expression for the radial distribution function ͑RDF͒ of pure fluids and mixtures is presented. It satisfies the limiting conditions of zero density and infinite distance imposed by statistical thermodynamics. The equation contains seven adjustable parameters; they have been fitted to extensive literature data of RDF's for a Lennard-Jones fluid at different values of temperature and density. These in turn have been expressed as functions of reduced temperature and density, thus allowing a complete parametrization with respect to these variables using 21 parameters altogether with fairly good accuracy. The values of the reduced pressure and internal energy calculated by numerical integration of the completely parametrized equation compare fairly with literature molecular dynamics simulation results. The capability of the expression to fit to RDF's of mixtures has been checked against some of the extensive RDF simulation data of binary mixtures of Lennard-Jones fluids with different diameters available in the literature. Data pertaining to different molar fractions as well as to different ⑀ AA /⑀ BB ratios have been considered, and the agreement between calculated and simulation curves has resulted satisfactory. The proposed expression can be used to calculate by integration related quantities such as compressibility, internal energy, pressure and, using the Kirkwood-Buff theory, the chemical potentials and partial molar volumes of the components of mixtures for which RDF data are available.
INTRODUCTION
Radial distribution ͑pair correlation͒ functions ͑RDF͒ are the primary linkage between macroscopic thermodynamic properties and intermolecular interactions of fluids and fluid mixtures. In the canonical ensemble of statistical mechanics, where the temperature, T, the volume, V, and the number of particles of each component in the system, N i , are fixed, the radial ͑pair͒ distribution function, g i j (r,,T), is given by The relations between g i j and the internal energy u and pressure p, assuming pairwise additivity of intermolecular potential energy function, are the following: 
͑4͒
where Ј is the derivative of the potential function with respect to the distance r. Modern theories of fluid and fluid mixtures have benefited a great deal from the concept of radial distribution function. The RDF theories have been quite successful in describing the behavior of simple liquids and liquid mixture, [1] [2] [3] [4] [5] [6] [7] although have been able to provide RDF analytic expressions only for very simple model fluids such as the hard spheres and hard rods. 7, 8 Moreover, the validity of Eqs. ͑3͒ and ͑4͒ is limited to spherically symmetric potentials, and therefore their application to polar nonspherical fluids is impossible. On the other hand, the Kirkwood-Buff theory 9 provides equations valid for any kind of molecular shapes which allow the calculation of thermodynamic properties of mixtures such as compressibility, partial molar volumes and chemical potentials only requiring the knowledge of the integrals over the distance of the radial ͑center to center͒ distribution functions ͑Kirkwood-Buff integrals, G i j ͒:
and then to use these to obtain thermodynamic properties. These calculations are linked to the availability of an analytical expression that could be used to represent the RDF's of fluids and their mixtures. As we will see later on, due to different reasons, previous RDF expressions are not appropriate to the general purpose of our research, consisting in the calculation through the Kirkwood-Buff theory of the chemical potentials and the partial molar volumes of the components of binary mixtures of Lennard-Jones fluids first and of more complex substances afterward. In this work we elaborate on the asymptotic conditions required by statistical thermodynamics and on less rigorous geometrical and spatial considerations to provide a parametric equation for RDF of Lennard-Jones fluids and mixtures which can be used to comply with the first part of our research.
RDF OF PURE FLUIDS
The radial distribution function g(r,,T) of a pure fluid must satisfy the following asymptotic relations.
At zero density it must reduce to its ideal gas limit of unity,
Similarly, at large intermolecular distances it must reduce to unity, lim r→ϱ g͑r,,T ͒ϭ1.
As the temperature goes toward infinity, the RDF must become independent of temperature as is the case with the hard-sphere fluid RDF, g hs :
lim T→ϱ g͑r,,T ͒ϭg hs ͑r,͒.
In addition, the equation representing the RDF must be continuous over all distances and the first maximum should occur at the contact distance d, with dϭh, being the distance parameter of the Lennard-Jones potential function, and h an adjustable variable with value very near to unity.
Considering the above features regarding the general shape of the pure fluid RDF and the above boundary conditions, we propose the following dimensionless functional form for the radial distribution function:
where for p i ϭm and ␣. They have been chosen to satisfy the limiting condition of RDF above outlined.
RDF OF BINARY MIXTURES
Equations ͑6a͒ and ͑6b͒ can be slightly modified so as to be applied to binary mixtures. A proper mixture RDF equation should take into account the variation in the position of the peaks and in their separation distance as the composition of the mixture changes. From the observation of the shapes of the RDF's obtained by molecular dynamics simulations of pure compounds and of binary mixtures, the following two general features as regards position of the peaks and their separation distance can be identified for the three RDF's g AA , g BB , g AB of a mixture of two Lennard-Jones fluids, A and B, with diameters A and B .
7,10 These features are based on spatial considerations only; the influence on the RDF shape due to the energy parameters, ⑀ i j , is taken into account a posteriori by means of the parametrization Eq. ͑8͒.
͑i͒ The contact distance d, where the first peak appears, is determined by the diameters of the components of the mixture independently of the molar fractions:
where h (hϷ1) accounts for deviations of the value of d from the average molecular diameter. ͑ii͒ Each subsequent maximum is located at a distance ⌬r M from the previous one that depends on the composition.
Simulation experiments indicate that the location of the second peak is mainly determined by the size of the particles which play the major role in filling the space in between the pair of molecules under observation, and these are the molecules of that species which is the most concentrated and/or the largest in size. 7 So, if A and B have similar diameters, A Х B , at molar fraction X A ϭ0.9, the space is filled mainly by A molecules, whereas at X A ϭ0.1 it is the B particles which occupy most of the space, and consequently the second peak maximum will be located in the two cases at a distance approximately equal to A and B , respectively, from the 1st maximum. If A ӷ B , even at X A ϭ0.5, the molecules of species A will occupy most of the space, so that ⌬r M Ϸ A . All this is independent of the pair of molecules under observations, A-A, A-B, or B-B. We introduce this feature in our equation by assuming that ⌬r M is given by a weighted arithmetic mean of A and B according to
where X VA and X VB are the volume molar fractions of the components A and B in the mixture, respectively.
The changes to be introduced in Eqs. ͑6a͒ and ͑6b͒ for these to become valid also for mixtures should take into account the variation of both d and ⌬r M according to the mixture composition and to the i-j couple as expressed in Eqs. ͑9͒ and ͑10͒, and at the same time preserving continuity of the function at rϭd and as the composition changes gradually from one pure compound to the mixtures to the other pure compound. This can be accomplished by taking different functional forms for y according to whether rϽd or rϾd:
By introducing these conditions and expressions for y in Eqs. ͑6a͒ and ͑6b͒, we obtain a RDF expression which can be used for all three g i j functions of a binary mixture. Similarly to pure fluids, the dependence on temperature and pressure is taken into account by expressing parameters according to Eqs. ͑7͒ and ͑8͒. Moreover, it can be realized that the mixture equations tend to the pure fluid ones when the concentration of one component goes to zero; i.e., if X VB →0 then X VA →1, and, looking at Eqs. ͑9͒ and ͑10͒, we have dϭ⌬r M ϭh A .
RESULTS AND DISCUSSION

Pure fluids
In order to check the capability of Eqs. ͑6a͒ and ͑6b͒ to reproduce the actual behavior of the RDF's, we have considered the MD simulation data reported by Verlet.
11 They are quite appropriate for this study because extend to r values of 5, refer to relatively wide ranges of temperature and density, and the number of points for each curve is sufficient to describe its shape accurately. By means of a nonlinear leastsquare routine, parameters p i of Eqs. ͑6a͒ and ͑6b͒ have been adjusted to reproduce all 25 RDF curves there reported. As an example, to illustrate the performance of Eqs. ͑6a͒ and ͑6b͒, in Fig. 1 a comparison between simulation points and calculated curves for a couple of cases is shown.
In Table I the values of the parameters and the standard deviation of the fit are reported. We can observe that the standard deviation of the fit is in most cases less than 5%. In the few instances where less accuracy of fitting is achieved, the shape of the simulation curves in the rϾd section presents anomalies such as discontinuities and sharp edges that our equation, as well as any other function which is continuous and has continuous derivatives, cannot reproduce. The parameters have then been fitted to Eqs. ͑7͒ and ͑8͒. Due to the very small deviations of parameter h from unity, the quantity hЈϭ1000(hϪ1) instead of h was adjusted to Eq. ͑7͒. The set of q i values obtained are reported in Table II , and in Fig. 2 the reproduction by Eqs. ͑7͒ and ͑8͒ of h and g(d), the most important parameters of our RDF equation, is shown.
Some years ago, Goldman 12 proposed an expression for the RDF of pure fluids which was able to reproduce Verlet's data somewhat more accurately than the present equation; the standard deviation averaged over all 25 RDF curves amounts to 5.3•10 Ϫ2 for our equation and to 3.3•10 Ϫ2 for his fitting. However, his model equation requires 108 parameters, and this makes its use quite difficult; moreover, the possibility of its extension to mixtures does not appear trivial. In contrast, the simplicity of our model, which only requires 21 parameters on the whole, and its validity also for mixtures, makes it quite affordable for further applications and studies. Also Li et al. 13 proposed an analytical formula for RDF's of fluids and fluid mixture. Their aim was to provide an expression, derived from the wave motion equation, which could reproduce the RDF's of Lennard-Jones fluids, and also predict the excess enthalphy of mixtures. As regards the former point, from the comparison they made with five curves of Verlet we have calculated an average standard deviation by 20•10
Ϫ2
, against a value of 5.2•10 Ϫ2 that we obtain with our equation for the same curves. This very large deviation is mostly due to the poor reproduction of the rϽd section and, to a lesser extent, of the dϽrϽ2d section, and renders this equation unsuitable for its use in the calculation of thermodynamic properties through the Kirkwood-Buff theory.
To investigate how the fitting uncertainties reflect on calculated thermodynamic properties, we have calculated the reduced internal energy, u*ϭ(uϪu ig )/N⑀, and pressure, p*ϭp 3 /⑀, by numerical integration of Eqs. ͑3͒ and ͑4͒ with parameters given by Eqs. ͑7͒ and ͑8͒. We have carried out this calculation at several values of the reduced temperature T*, T*ϭkT/⑀, for each of four different values of the reduced density *, *ϭ 3 . In Fig. 3 these calculated curves are compared with the u* and p* values obtained by numerical integration of the RDF function with parameters of Table I . We can see that, except for the first and the last point at *ϭ0.85, a fairly good reproduction is obtained, and this supports the validity of our parametrization equations.
In another paper, Verlet 14 reports the results of simulation experiments of thermodynamic properties of LennardJones fluids. The data of u* and p* there obtained have been compared in Fig. 4 with the curves calculated as described above. The figure suggests that good agreement is found only limitedly to the trends; if we look at the single values, the simulation data are all lower than their corresponding curves, and the deviation is larger the higher the temperature. These discrepancies cannot be due only to inadequacy of our model equation or to inaccurate fitting ͑see Fig. 3͒ ; it may be possible that the simulation technique has some inconsistency in the ways of producing the thermodynamic properties and the RDF curves, and this drawback appears more effective at high T* and leads to negative values of p* at low T*; however, the maximum error admitted by in simulation experiments using the more accurate Nicholas equation of state.
Binary mixtures
Ely and Huber 10 have obtained a large collection of very detailed simulation data of g i j of binary mixtures of Lennard-Jones fluids. These data refer to B / A ϭ2 and to a variety of molar fractions, of ⑀ AA /⑀ BB , of density and temperature. In order to examine the behavior of Eqs. ͑6a͒, ͑6b͒, ͑9͒-͑12͒ as to their capability of reproducing g i j of mixtures, among Ely and Huber's data we have chosen some at X A ϭ0.5 and X A ϭ0.95, and for each molar fraction two different sets corresponding to different ⑀ AA /⑀ BB ratios. This choice allows a wide variation in the spectrum of the RDF shape here examined. To apply Eq. ͑10͒, the volume molar fractions were calculated through:
which in turn allows calculation of ⌬r M and hence of y in Eq. ͑12͒. Table III collects the values of the parameters of Eqs. ͑6a͒ and ͑6b͒ for all 12 g i j 's considered, obtained by a least squares routine, as well as the standard deviation. The fairly good reproduction of the simulation data is evident from inspection of Fig. 5 . Worth mentioning is also the fact that the ␤ values of Table III are not very different from 2, which is the expected value if Eq. ͑10͒ were strictly obeyed.
The flexibility of Eqs. ͑6a͒, ͑6b͒, ͑9͒-͑12͒ guaranteed by the adjustable parameters should also allow their application to multicomponent mixtures, as long as appropriate conditions similar to Eqs. ͑9͒-͑12͒ are introduced. Extension of this treatment to all Ely and Huber's data is in progress, in order to get a full parametrization of the mixture RDF equation, and to determine possible relationships between these parameters and those of the single components. This subject will be covered in a future paper, together with an extensive calculation via Eq. ͑5͒ of the Kirkwood-Buff integrals of Lennard-Jones fluid mixtures, and from these, by means of the Kirkwood-Buff theory, of the chemical potential and partial molar volume, to be compared with those of real mixtures of apolar and polar compounds.
CONCLUSIONS
It is shown that the simple parametric equation for RDF of fluids and fluid mixtures here proposed is able to reproduce the shape of the simulated RDF of Lennard-Jones fluids and mixtures at different values of the reduced temperature and density with good accuracy. The expression contains seven adjustable parameters, each of which can be expanded in terms of temperature and density by appropriate functional forms, each containing three additional parameters. By using a parametrization obtained from literature simulated RDF data of Lennard-Jones fluids, values of reduced internal energy and pressure calculated by integration agree fairly with literature data for the same type of fluids. Thanks to its good fitting capability, the expression lends itself to be used as a convenient tool for the calculation of relevant thermodynamic properties once a good reproduction of experimental or simulated RDF data has been obtained.
